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BH3 Profiling Reveals Selectivity by Herpesviruses for Specific Bcl-2
Proteins To Mediate Survival of Latently Infected Cells
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Herpesviruses, including human cytomegalovirus (HCMYV), Epstein-Barr virus (EBV), and Kaposi’s sarcoma-associated herpes-
virus, establish latency by modulating or mimicking antiapoptotic Bcl-2 proteins to promote survival of carrier cells. BH3 profil-
ing, which assesses the contribution of Bcl-2 proteins towards cellular survival, was able to globally determine the level of depen-
dence on individual cellular and viral Bcl-2 proteins within latently infected cells. Moreover, BH3 profiling predicted the
sensitivity of infected cells to small-molecule inhibitors of Bcl-2 proteins.

H uman cytomegalovirus (HCMV), Epstein-Barr virus (EBV),
and Kaposi’s sarcoma-associated herpesvirus (KSHV) belong
to the Herpesviridae family of viruses that are able to establish
lifelong latent infections. Within infected hosts, HCMV estab-
lishes latency within the myeloid compartment (1-4), while EBV
and KSHYV establish latency within B cells (5-9). Although infec-
tions by these viruses are generally asymptomatic in immuno-
competent individuals, a multitude of illnesses can arise from the
persistent nature of latency. HCMV is a major cause of posttrans-
plantation illness and death in hematopoietic-cell and solid-organ
transplant recipients (10-12). Reactivation from latently infected
myeloid cells, which are the predominant infiltrating cell type
found in the infected organs of these patients (13), can lead to
overt inflammation-mediated multiorgan failure (14, 15). EBV is
the etiologic agent in the development of various B-cell cancers,
such as Hodgkin’s lymphoma, non-Hodgkin’s lymphoma, and
Burkitt’s lymphoma (16). KSHV is associated with B-cell lym-
phoproliferative diseases and cancers, including primary effusion
lymphoma, multicentric Castleman’s disease, and Kaposi’s sar-
coma (17). Thus, despite the generally benign nature of herpesvi-
rus infections, the ability of these viruses to establish lifelong in-
fections is not without disease consequence in a significant
proportion of infected individuals.

To initiate and maintain latency, herpesviruses must sustain
the survival of carrier cells with a minimal complement of viral
proteins, which is necessary for immune evasion. One strategy
utilized by herpesviruses is to stimulate cell survival via the mod-
ulation of cellular apoptotic machinery (18), specifically through
the enhanced expression and/or activation of the antiapoptotic
B-cell lymphoma 2 (Bcl-2) family of proteins, including Bcl-2,
myeloid cell leukemia 1 (Mcl-1), and B-cell lymphoma extra large
(Bcl-xL). HCMV is known to upregulate the expression of Mcl-1
and Bcl-2 in monocytes and CD34™ bone marrow myeloid pro-
genitor cells (19-21), as well as Mcl-1 in the THP-1 monocytic cell
line (20). The upregulation of Bcl-2 family members in latently
infected myeloid cells was shown to be responsible for establishing
a prosurvival state in the absence of lytic proteins (19-21). EBV
has been reported to induce survival of B cells via increased ex-
pression of Mcl-1 (22, 23), Bcl-2 (24), and Bcl-xL (25). KSHV also
upregulates Bcl-2 (26) and Mcl-1 (27) to promote survival of in-
fected B cells. Despite studies showing the individual roles that
Bcl-2 members play in the survival of cells latently infected with
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herpesviruses, a global picture of how each antiapoptotic Bcl-2
protein interplays with other Bcl-2 members to maintain survival,
i.e., whether one or multiple Bcl-2 proteins play a predominant
role over others to maintain the viability of latently infected cells,
is still unclear. In addition, both EBV and KSHV encode viral
homologs of prosurvival Bcl-2 proteins that also potently inhibit
mitochondrion-mediated apoptosis; however, the contribution of
these viral Bcl-2 homologs toward cell survival during latency is
uncertain, as their expression during latency appears to be depen-
dent on cell type and virus strain (28, 29).

Similar to latently infected cells, cancer cells often express mul-
tiple prosurvival Bcl-2 proteins simultaneously, yet display depen-
dence on or “addiction” to only a specific subset of Bcl-2 proteins
(30, 31). The Bcl-2 protein(s) that a cancer cell is dependent on
can be “diagnosed” using a technique called BH3 profiling (30).
BH3 profiling is a functional assay that provides information
about cellular dependence on individual antiapoptotic proteins.
Consequently, it can be used for personalized medicine, allowing
for the design of effective chemotherapy treatment regimens in-
volving small-molecule inhibitors of Bcl-2 proteins (32). Given
that both cancer cells and latently infected cells modulate antiapo-
ptotic Bcl-2 proteins for survival, we asked if BH3 profiling can be
utilized as a comprehensive approach to functionally identify the
subset of Bcl-2 proteins which latently infected cells predomi-
nantly rely on for survival.

BH3 profiling reveals distinct patterns of dependence on
Bcl-2 proteins in the survival of persistently infected cells. Anti-
apoptotic Bcl-2 proteins, including Bcl-2, Bcl-xL, and Mcl-1, reg-
ulate apoptosis by inhibiting proapoptotic effectors Bax and Bak
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FIG 1 BH3 profiling reveals distinct patterns of dependence on Bcl-2 proteins in cells latently infected with herpesviruses. (A) Model depicting the control of
mitochondrial depolarization by the Bcl-2 family of proteins. (B) BH3 peptide sequences used for BH3 profiling analysis (30). (C) Interactions between BH3
proteins and antiapoptotic Bcl-2 proteins (30, 34, 35). Red indicates high-affinity binding, yellow indicates intermediate-affinity binding, and white indicates
low-affinity binding. (Adapted from reference 63 with permission of the publisher.) (D to F) BH3 profiling results for HCMV-infected monocytes (D),
EBV-infected Akata cells (E), and KSHV-infected Bcbl-1 cells (F). The assays were performed with 100 uM BH3-only peptides. Shown are the means of the results

of 3 to 6 independent experiments; error bars show standard deviation.

(30), which, upon activation, undergo allosteric modifications
leading to oligomerization within the outer mitochondrial mem-
brane, allowing for the release of cytochrome ¢ and apoptosis (Fig.
1A). Antiapoptotic Bcl-2 proteins bind and sequester activator
BH3-only proteins (aBH3) such as Bid and Bim, which activate
Bax and Bak (33). Repression of aBH3 proteins by antiapoptotic
Bcl-2 proteins can be relieved by competitive inhibition with sen-
sitizer BH3-only proteins (sBH3) such as Bad, Bik, Noxa, Hrk,

5740 jviasm.org

Journal of Virology

Puma, and Bmf. Alternatively, antiapoptotic Bcl-2 proteins can
directly bind and block oligomerization of Bax or Bak (33). Sim-
ilar to aBH3 proteins, Bax and Bak can be freed from antiapoptotic
Bcl-2 proteins by competitive inhibition with sBH3 proteins. BH3
profiling is based on the principle that sBH3 proteins bind to
antiapoptotic Bcl-2 proteins with different selectivities and affin-
ities (Fig. 1C). The strength and selectivity of protein-protein in-
teractions among Bcl-2 proteins directly correlate with the ability
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of sBH3 proteins to antagonize Bcl-2 proteins from blocking cy-
tochrome c release (30-32, 34, 35). To determine if BH3 profiling
can decipher the level of dependence on individual Bcl-2 proteins
for the survival of persistently infected cells, we performed BH3
profiling on HCMV-infected monocytes, Akata cells (a B-cell line
latently infected with EBV), and body cavity-based lymphoma 1
(Bcbl-1) cells (a B-cell line latently infected with KSHV). Proce-
dural details are similar to those described by Ryan et al. (36).
Briefly, infected cells were lysed in mitochondrion isolation buffer
(250 mM sucrose, 10 mM Tris-HCI [pH 7.4], 0.1 mM EGTA) and
passed once through a 27-gauge needle or a Dounce homogenizer.
After samples were centrifuged at 600 X g for 10 min, the resulting
supernatant was centrifuged at 10,000 X g for 10 min to obtain
mitochondria. Mitochondria were then resuspended in experi-
mental buffer (125 mM KCI, 10 mM Tris-MOPS [morpho-
linepropanesulfonic acid] [pH 7.4], 5 mM glutamate, 2.5 mM
malate, 1 mM KPO4, and 10 puM EGTA-Tris [pH 7.4]) to a con-
centration of 0.3 to 0.5 mg/ml protein and exposed to BH3 do-
main peptides (Fig. 1B) at 100 uM for 40 min at room tempera-
ture. Following treatment with BH3 peptides, mitochondria were
separated and cytochrome ¢ concentrations in the pellet and su-
pernatant fractions were measured by enzyme-linked immu-
nosorbent assay (ELISA).

As expected, aBH3 peptides (Bid and Bim) that directly bind
and activate proapoptotic proteins Bax and Bak induced cyto-
chrome crelease in all three persistently infected cell types (Fig. 1D
to F), indicating that survival was not due to a loss of Bax and Bak,
but rather to the increased activities of antiapoptotic Bcl-2 pro-
teins. In accordance, treatment with sBH3 peptides Puma and
Bmf, which bind indiscriminately to all Bcl-2 proteins, induced
cytochrome c release from mitochondria of latently infected cells.
Next, we examined the effects of sSBH3 peptides that exhibit dif-
ferent binding specificities to individual antiapoptotic Bcl-2 pro-
teins. It has been reported that BH3 peptides from Bad, Noxa, and
Hrk can be used as functional probes for Bcl-2, Mcl-1, and Bcl-xL,
respectively (30). Mitochondria from HCMV-infected monocytes
released cytochrome ¢ upon treatment with Noxa A and Noxa B,
as well as with Bad, suggesting that HCMV-infected monocytes
are dependent on Mcl-1 and Bcl-2 for survival (Fig. 1D). Bik and
Hrk did not induce more cytochrome c release than the negative
peptide control Bnip3, a human BH3-only protein that does not
bind antiapoptotic Bcl-2 proteins nor activate Bax or Bak, indicat-
ing that Bcl-xL is not involved in regulating mitochondrial per-
meability within HCMV-infected monocytes. Moreover, of these
selective sSBH3 peptides, Noxa A and Noxa B induced the greatest
amount of cytochrome c release, indicating that Mcl-1 may play a
more predominant role in blocking the death of HCMV-infected
cells, a result consistent with our previous findings that HCMV-
induced Mcl-1 inhibited apoptosis of infected monocytes (19). It
should also be pointed out that the basal release of cytochrome ¢
from mitochondria isolated from uninfected monocytes was
=90% (data not shown), which is in accordance with the biolog-
ical programming of monocytes to rapidly undergo apoptosis
upon entry into circulation (37). These data suggest that HCMV
specifically induces the upregulation of antiapoptotic Bcl-2 pro-
teins in order to drive the survival of infected monocytes. In EBV-
infected (Akata) cells, Bad, Bik, and Hrk peptides induced similar
levels of cytochrome c release, which is indicative of Bcl-xL-medi-
ated survival (Fig. 1E). Finally, cells latently infected with KSHV
(Bcbl-1) were sensitive to Noxa A and Noxa B peptides, indicating
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that Mcl-1 mediates cell survival. In addition, Bcbl-1 also showed
adistinct BH3 profiling signature of sensitivity to Bik and Hrk, but
not to Bad, a pattern not associated with any cellular Bcl-2 pro-
teins (Fig. 1F). Flanagan and Letai previously demonstrated that
purified mitochondria treated with recombinant Kaposi’s sar-
coma virus Bcl-2 (KsBcl-2) were sensitized to cytochrome crelease
upon treatment with Bik, Noxa A, Hrk, Puma, and Bmf peptides
but not with Bad (34). Indeed, our results from mitochondria
isolated from latently infected B cells exhibited a similar BH3 pro-
filing, indicating a role for KsBcl-2, as well as cellular Mcl-1, dur-
ing latency. Although KsBcl-2 is a lytic gene (38, 39), low-level
expression during latency has been observed (18, 40—42), under-
scoring the necessity of teasing out the specific Bcl-2 proteins re-
sponsible for the survival of latently infected cells. Taken together,
these data demonstrate potential for the use of BH3 profiling to
globally assess the levels to which individual cellular and viral
Bcl-2 proteins exert their activities in the presence of other Bcl-2
family members.

Antiapoptotic Bcl-2 protein expression levels weakly corre-
spond to BH3 profiling analysis. Previous studies demonstrated
that herpesviruses upregulate a multitude of prosurvival Bcl-2
proteins in latently infected cells to mediate survival. Since BH3
profiling of latently infected cells identified specific Bcl-2 proteins
which played a predominant role in preventing mitochondrion
depolarization, we asked if there was a correlation between Bcl-2
protein levels in virally infected cells and BH3 profiling analysis.

Unlike EBV and KSHV, HCMV does not encode a viral ho-
molog of Bcl-2 (43, 44). Instead, HCMV encodes vMIA, a potent
viral mitochondrial inhibitor of apoptosis expressed during lytic
infection (45-47) which is not synthesized in persistently infected
monocytes (Fig. 2B) (19), indicating that cellular antiapoptotic
Bcl-2 proteins play a central role in preventing depolarization of
mitochondria in HCMV-infected monocytes. We showed a ro-
bust induction of Mcl-1 expression in monocytes following
HCMYV infection (Fig. 2A), which leads to the establishment of an
antipoptotic state (19, 20, 48) and is consistent with our previous
findings and BH3 profiling analysis (Fig. 1D). BH3 profiling of
HCMV-infected cells also predicted Bcl-2 to be required for sur-
vival. Accordingly, Bcl-2 was highly expressed in HCMV-infected
cells (Fig. 2A), suggesting a correlation between protein expres-
sion and BH3 profiling analysis. However, the relatively higher
expression levels of Bcl-2 compared to those of Mcl-1 would seem
to hint at Bcl-2 being the principal factor mediating the block in
mitochondrion depolarization. To the contrary, BH3 profiling in-
dicated Mcl-1 to be the key determinant of cytochrome c release
following infection. In support of this finding, Bcl-2 expression
was similar in uninfected and infected monocytes (Fig. 2A), sug-
gesting Bcl-2 to be a general survival factor of monocytes and not
specifically for infected cells. These data highlight the ability of
BH3 profiling to more stringently decipher subtle differences be-
tween the activities of Bcl-2 proteins within a given latently in-
fected cell type.

We next examined the expression levels of the EBV Bcl-2 ho-
mologs BamHI fragment H rightward open reading frame 1
(BHRF1) and BamHI fragment A leftward reading frame 1
(BALF1), since their expression has been observed during latency
despite both proteins being expressed from lytic genes (49-53).
We found that neither BHRF1 nor BALF1 are expressed in Akata
cells, but are expressed in a reactivated EBV-transformed autolo-
gous B lymphoblastoid cell line (LCL), LCL 10 (R-LCL-10)
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KsBcl-1 mRNA expresion
(% of R-Bcbl-1)
>

0.1
R-Bcbl-1 Bcbl-1
F.
Transcript Sequence
VMIA F: ACCACGGTACGGACATTAAC
R: CGTTGGTTTCCTCCCAATTTAC
BALF1 F: TGCCACGCCCATTTTATC
R: GGTCATCCAGGTAGTTTCGC
BHRF1 F: GTGCATGGAAATGGTA
R: AAGGCTTGGGTCTCC
KsBcl-2 F: GGATATTCATGGCCTGTGGATTA
R: ACCTGTGTACAATACGCCTTC
Actin F: TCACCCACACTGTGCCCATCTACGA
R: CAGCGGAACCGCTCATTGCCAATGG

FIG 2 Antiapoptotic Bcl-2 protein expression levels do not correspond with
BH3 profiling analyses of latently infected cells. (A) Equal amounts of total
protein from lysates from HCMV-infected monocytes and EBV- and KSHV-
infected B cells were separated by SDS-PAGE and transferred to polyvi-
nylidene difluoride membranes. Blots were probed with an anti-Bcl-2, an anti-
Bcl-xL, or an anti-Mcl-1 antibody. (B to E) RNA was isolated from lytic
HCMV-infected human embryonic lung fibroblasts (HEL) (B), HCMV-in-
fected peripheral blood monocytes (B), LCL-10 (B cells latently infected with
EBV) reactivated with tetradecanoyl phorbol acetate (TPA) and sodium bu-
tyrate to induce EBV lytic replication (R-LCL-10) (C), Akata cells (B cells
latently infected with EBV) (C), Bcbl-1 cells (B cells latently infected with
KSHV) (D and E), or Bebl-1 cells reactivated with valproic acid (R-Bcbl-1
cells) (D and E). (B to E) Semiquantitative (B to D) or quantitative (E) PCR
analyses were performed. Results shown in panels B, C, and D are representa-
tive of 3 independent experiments. (E) Shown are means of results of 3 inde-
pendent experiments; error bars show standard deviation. The asterisk (*)
represents a P value of =0.001. (F) Primer sets used to perform PCR analysis.
F, forward primer; R, reverse primer.
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(Fig. 2C), emphasizing a critical role of cellular antiapoptotic
Bcl-2 proteins in promoting the survival of cells latently infected
with EBV. BH3 profiling predicted a reliance on Bcl-xL for sur-
vival of EBV-infected cells, which we found to be highly expressed
(Fig. 2A). Surprisingly, Akata cells also expressed high levels of
Mcl-1, which was not shown by BH3 profiling analysis to be in-
volved in mediating survival. A possible explanation is that Mcl-1
may be localized to the cytoplasm and thus unable to inhibit mi-
tochondrial depolarization (33). Alternatively, Mcl-1 molecules
may be completely saturated with proapoptotic sensitizers, thus
preventing Mcl-1 from inhibiting proapoptotic effectors or acti-
vator BH3-only proteins. Nonetheless, our data indicate that an-
tiapoptotic protein levels do not necessarily correlate with activity
and that a global functional approach such as BH3 profiling is
required to elucidate the individual contribution of each Bcl-2
protein in mediating survival of infected cells.

In contrast to BH3 profiling of HCMV- and EBV-infected cells,
BH3 profiling of KSHV-infected cells predicted a requirement for
the viral Bcl-2 homolog KsBcl-2 in preventing mitochondrial de-
polarization (Fig. 1F). Despite KsBcl-2 being a lytic protein (29,
38), we found that cells latently infected with KSHV expressed
lower levels of KsBcl-2 than Bcbl-1 cells undergoing viral reacti-
vation (Fig. 2D and E), which is consistent with other studies (29).
Although other studies have demonstrated that viral Bcl-2 ho-
mologs and cellular Bcl-2 proteins have similar binding affinities
to BH3-only proteins (34, 35), our data provide the proof-of-
principle that BH3 profiling can concurrently reveal dependence
on both cellular and viral Bcl-2 proteins from mitochondria di-
rectly isolated from latently infected cells. BH3 profiling also
showed a survival addiction of KSHV-infected cells to Mcl-1,
which we found to be highly expressed (Fig. 2A). However, we also
observed low levels of cellular Bcl-2 in KSHV-infected cells, al-
though it was not predicted by BH3 profiling to be involved in
maintaining the viability of Bcbl-1 cells. These data again illustrate
the weak correlation between protein expression levels and
activity.

Overall, we observed that levels of antiapoptotic Bcl-2 proteins
loosely correlate with BH3 profiling predictions, thus exemplify-
ing why measuring the levels of antiapoptotic proteins alone is
insufficient to determine how latently infected cells utilize Bcl-2
proteins to overcome apoptosis. A functional global approach
such as BH3 profiling is necessary to gain a comprehensive over-
view of the activities of individual Bcl-2 proteins in the context of
those of other family members within latently infected cells, to-
gether with their expression levels. We also showed for the first
time that BH3 profiling is a viable tool to predict addiction to both
cellular Bcl-2 proteins and viral Bcl-2 homologs, highlighting the
potential use of BH3 profiling to prognosticate sensitivities of la-
tently infected cells to small-molecule Bcl-2 inhibitors. To validate
this prediction, we next used small-molecule Bcl-2 inhibitors,
which selectively bind and target different Bcl-2 proteins, to con-
firm the mechanism by which herpesviruses inhibit apoptosis in
latently infected cells and to concurrently assess the validity of
BH3 profiling technology in predicting sensitivity to potential
therapeutics.

BH3 profiling predicts sensitivities of latently infected cells
to small-molecule Bcl-2 inhibitors. Monocytes are programed
to rapidly undergo apoptosis upon entry into the circulatory
system from the bone marrow, and we found that, in the ab-
sence of HCMV infection, ~60% to 90% of monocytes are
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FIG 3 BH3 profiling predicts sensitivity of latently infected cells to small-molecule inhibitors of antiapoptotic Bcl-2 family members. (A and B) HCMV-infected
monocytes and EBV (Akata)- and KSHV (Bcbl-1)-infected B cells were treated with increasing concentrations of ABT199 (Bcl-2 inhibitor), ABT737 (Bcl-2/
Bcl-xL inhibitor), AT101 (pan-Bcl-2 inhibitor), TW37 (pan-Bcl-2 inhibitor), MIM1 (Mcl-1 inhibitor), compound 10 (Mcl-1 inhibitor), and compound 21
(Mcl-1 inhibitor). (C) HCMV-infected monocytes were treated with 0.3 wuM ABT199, MIM1, compound 10, and compound 21. (A to C) After 24 h of treatment
with inhibitor, cell viability was measured by trypan blue exclusion. Shown are the means of the results of 3 to 6 independent experiments; error bars show

standard deviation. Asterisks (*) represent P values of =<0.05.

undergoing apoptosis by 48 h postisolation (data not shown).
BH3 profiling predicted that HCMV induces Mcl-1 within in-
fected monocytes to mediate survival, which is in accord with
our previous studies showing that HCMV infection increases
Mcl-1 expression to stimulate an antiapoptotic state (19, 48).
In accord, HCMV-infected cells were sensitive to reported
Mcl-1-specific inhibitors, including compound 21 and com-
pound 10 (54) and MIM1 (55) (Fig. 3A). Compounds 21 and 10
were 2-fold-more effective at killing HCMV-infected cells than
MIMI (32% versus 16% at 30 wM), consistent with their stron-
ger affinity for binding to Mcl-1 (Fig. 3B; Table 1). Similarly,
the ability of pan-Bcl-2 inhibitors to stimulate the death of
HCMV-infected monocytes (AT101>TW37) correlated with
their dissociation constant (K;) values for Mcl-1 (0.18 pM
[AT101] versus 0.26 wM [TW37]) (56, 57). Further indicating
a critical role for Mcl-1 in the block of mitochondrion-medi-
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ated apoptosis, the level of death induced by pan-Bcl-2 inhib-
itors was comparable to that for Mcl-1-specific inhibitors
(compounds 10 and 21) with similar Mcl-1 K; values and
higher than that for MIM-1, which has a significantly weaker
Mcl-1 binding affinity (Fig. 3B; Table 1). However, BH3 pro-
filing also predicted a dependence on Bcl-2 for survival of
HCMV-infected cells, although the comparable Bcl-2 expres-
sion levels for uninfected and infected cells suggest Bcl-2 to be
a general survival factor for monocytes. In support, these cells
underwent death upon treatment with high concentrations
(>10 wM) of a Bcl-2/BclxL inhibitor (ABT737) (58) and a
Bcl-2-selective inhibitor (ABT199) (59) (Fig. 3A), although the
specificity of ABT199 is likely lost at high micromolar concen-
trations (Table 1). At 0.3 M, Mcl-1 inhibitors were ~4- to
8-fold-more effective than ABTI199 at inducing death of
HCMV-infected monocytes (Fig. 3C). Since Mcl-1, but not
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TABLE 1 Dissociation constant values for small-molecule inhibitors of antiapoptotic Bcl-2 proteins®

K; value (uM) for:

Protein AT101 ABT737 ABT199 TW37 MIM1 Compound 10 Compound 21
Mcl-1 0.18 -t >0.444 0.26 4.8 0.49 0.18

Bcl-2 0.32 <<0.001 <<0.00001 0.29 -t 23.83 7.56

Bcl-xL 0.48 <0.001 0.048 1.11 b 32.99 10.58

@ Sources for dissociation constant (K;) values: AT101, reference 57; ABT737, 58; ABT199, 59; TW37, 56; MIM1, 55; compound 10, 54; compound 21, 54.

b -, limited or undetectable binding.

Bcl-2, was induced following infection (Fig. 2A), these data
indicate that Mcl-1 functions as a viability “switch” responsible
for determining the cell fate of HCMV-infected monocytes.

For EBV-infected cells, BH3 profiling showed a dependence on
Bcl-xL to block cytochrome c release (Fig. 1E). Accordingly, the
use of inhibitors with increasing binding potency toward Bcl-xL
(TW37<AT101<ABT199<<ABT737) (Table 1) induced increas-
inglevels of cell death (8%, 13%, 20%, and 45%, respectively, at 10
M) in Akata cells (Fig. 3A and B). Furthermore, although Mcl-1
was highly expressed, EBV-infected cells were resistant to the
Mcl-1 inhibitors MIM1, compound 10, and compound 21, induc-
ing only 8%, 3%, and 0.83% death, respectively, at 30 uM (Fig. 3A
and B), which is in agreement with BH3 profiling analysis. Al-
though the Bcl-2-selective inhibitor ABT199 also induced cell
death at concentrations of >10 uM (Fig. 3A), its binding affinity
to Bcl-xL is in fact greater than that of the paninhibitors AT101
and TW37 (Table 1); thus, ABT199-induced death is likely
through Bcl-xL inhibition. Although these data are highly sug-
gestive that EBV-infected cells are dependent on Bcl-xL for the
inhibition of cell death, confirmation will require Bcl-xL-spe-
cific inhibitors, which are not currently available. Nonetheless,
the development of Bcl-xL-selective small-molecule inhibitors
may hold promise for the treatment of EBV-associated B-cell
lymphomas.

The KSHV-infected cells demonstrate a distinct BH3 profile,
with high Noxa and Hrk activities, and low Bad activity consistent
with Mcl-1 and KsBcl-2 dependence for survival. Importantly, the
three-dimensional structure of KsBcl-2 showed overall structural
similarity to Bcl-xL, Bcl-2, and Mcl-1 (34, 60). In accord, only the
treatment with the pan-Bcl-2 inhibitors TW37 and AT101 in-
duced apoptosis of KSHV-infected cells (42% and 65%, respec-
tively, at 30 wM) (Fig. 3A and B). Although ABT199 (a Bcl-2-
selective inhibitor) also stimulated death at 30 WM (Fig. 3A),
ABT199 likely functions as a pan-Bcl-2 inhibitor at high micro-
molar concentrations (Table 1). In contrast, KSHV-infected cells
were resistant to the Bcl-xL/Bcl-2 inhibitor (ABT737) and Mcl-1
inhibitors (MIM1 and compound 21), clearly demonstrating that
both Mcl-1 and KsBcl-2 are simultaneously required for the sur-
vival of KSHV-infected cells. However, compound 10 induced
apoptosis at 30 WM, albeit to a lesser extent than the pan-Bcl-2
inhibitors (Fig. 3B). KsBcl-2 is most closely related to Mcl-1, based
on function and sequence homology (34); thus, compound 10
may have the unique ability to bind both Mcl-1 and KsBcl-2 at
high concentrations, although further studies are needed to assess
this possibility. Regardless, compound 10 likely represents a lead-
ing drug from which specific derivatives could be developed to
target B cells latently infected with KSHV.
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CONCLUSION

To date, BH3 profiling has been used to predict the sensitivities of
cancer cells to small-molecule antagonists of antiapoptotic Bcl-2
proteins; however, we have now performed BH3 profiling on cells
latently infected with human herpesviruses. Our data demon-
strate BH3 profiling analysis to be a viable functional approach to
globally decipher the magnitude of dependence on individual an-
tiapoptotic Bcl-2 proteins within latently infected cells. Moreover,
our study provides a proof-of-principle for the use of BH3 profil-
ing to predict the efficacy of Bcl-2 family antagonists at eliminat-
ing specific persistent virus and cell infection combinations,
which could have immediate impact on the treatment of diseases
associated with latent herpesvirus infections. Since KSHV and
EBV are oncogenic viruses and BH3 profiling is currently being
used to predict tumor sensitivity to Bcl-2 inhibitors, BH3 profiling
could be used to design effective chemotherapeutic regimens
against the cancers induced by these viruses (61, 62). In addition,
BH3 profiling can be used to screen the efficacy of different Mcl-1
small-molecule inhibitors in inducing death of HCMV-infected
monocytes and CD34" stem cells. Effective Mcl-1 antagonists
could then be administered to recipients at high risk for acute
HCMYV infection prior to solid organ transplantation or be uti-
lized to remove and/or deplete HCMV-infected CD34 " stem cells
in vitro prior to bone marrow transplantation. Overall, our study
demonstrates BH3 profiling to be a feasible technique for deter-
mining the level of dependence on individual Bcl-2 proteins
within latently infected cells and for predicting sensitivity to
small-molecule Bcl-2 inhibitors.
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